4
diploidization occurred very slowly following whole genome duplication. We 23 extrapolate from this to suggest that the rarity of polyploidy in conifers may be 24 due to slow rates of diploidization in this clade. angiosperms, the phenomenon is relatively rare in gymnosperms, and especially conifers. 39
There are only two polyploid conifer species: alerce, Fitzroya cupressoides (4x), and 40 coast redwood, Sequoia sempervirens (6x). Why is polyploidy so rare in conifers? Does it 41 reflect rare formation of polyploid individuals, for example due to a lack of unreduced 42 gametes, or another barrier to allopolyploid formation? Or, do polyploid taxa form in 43 gymnosperms, but fail to give rise to successful clades? To shed light on these questions, 44
we studied the evolutionary history of coast redwood with the goal of determining when 45 polyploidy occurred and whether it entailed allopolyploidy. Nevada (Sequoiadendron giganteum) and the Chinese dawn redwood (Metasequoia 52 glyptostroboides). Though the three modern redwood species have distinct ranges, fossil 53 data suggest that diverse redwood lineages were widely distributed across the Northern 54
Hemisphere from the Cretaceous onwards (Miller, 1977) . The oldest redwood fossils are 55 from South Manchuria (present-day China) and Boulogne-sur-Mer (northern France) and 56 date back to the mid-to-late Jurassic, suggesting the redwood clade is at least 146 million 57 years old (Zeiller and Fliche, 1903; Endo, 1951) . 58
Sequoidendron and Metasequoia are diploids with 2n=22 (Schlarbaum and Tshuchiya, 59
1984). Hirayoshi and Nakamura (1943) first determined the correct chromosome number 60 of Sequoia and proved that it is a hexaploid with 2n=66. Hexaploidy in Sequoia was later 61 corroborated by Stebbins (1948) , Saylor and Simons (1970) and Ahuja and Neale (2002) . 62 peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/030585 doi: bioRxiv preprint first posted online  glyptostroboides, and T. occidentalis) and between one and three copies in the hexaploid 134 S. sempervirens. As these putatively single-copy protein-coding sequences show marked 135 conservation among species, we assumed that allelic variants would generally be 136 combined into a single contig. We used MUSCLE v. 3.8.13, 64bit (Edgar, 2004a,b), with 137 default alignment settings to align the ortholog sets at the protein level before using a 138 custom PERL script to generate the corresponding nucleotide alignment. 139
140

Single-variant gene trees and concordance analyses 141
For each orthogroup that included only one sequence variant in S. sempervirens we 142 estimated phylogenetic trees using MrBayes vers. 3. Stamatakis, 2006) . We then used PAML (Yang, 169 1997 ) to obtain a tree-based estimate of K s . PAML calculates branch lengths along the 170 ML tree using a model that estimates the rate of synonymous and non-synonymous 171 substitutions (D s and D n , respectively) separately for each branch. We imposed a 172 molecular clock assumption (clock=1) to obtain an ultrametric tree. By multiplying a 173 branch's length by its D s and summing over intervening branches between two tips we 174 could obtain an estimate of the patristic K s distance between Sequoia homeologs and how 175 this compares to the K s of copies from different species. 176
177
In order to obtain an approximate date for gene duplication, we divided the depth of the 178 gene duplication in K s units by an average mutation rate for conifers of 0.68x10 Sequoia is hexaploid, so at least two whole genome duplications must have occurred in 181 the past. As each whole genome duplication event is expected to yield a normal 182 distribution of K s values, we used EMMIX v.1.3 (Mclachlan et al., 1999) to fit a mixture 183 peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
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187
RESULTS
188
Our de novo transcriptome assemblies ranged from 70 to 101mbp in length (Table 1) respectively. Paralog age distribution plots for all three taxa revealed a peak at a K s ≈ 1. 
Californian redwood clade, we estimated phylogenetic trees for all genes with more than 242 one sequence variant in Sequoia. A total of 217 genes were present in two or three copies 243 in S. sempervirens. The optimal tree for 186 of these alignments (85.7%) showed 244 monophyly of the S. sempervirens copies with Sequoia sister to Sequoiadendron (Fig. 3) , 245
with 97% of these trees well-supported (i. 
265
We tested whether the patristic Ks estimates between S. sempervirens copies are sampled 266 from one or two normal distributions. If hexaploidy arose from two sequential WGD 267 events, there should be two, distinct normal distributions. We used EMMIX to fit a 268 mixture model of normal distributions to the PAML Ks estimates. Based on AIC and BIC 269 scores, the presence of two Gaussian distributions provides a better fit to the K s distance 270 data. Figure 5 shows the best fitting pair of distributions. Although it is difficult to 271 reliably translate K s into absolute age, using a generic average mutation rate for conifers 272 of 0.68x10 
lineages. 301
Our phylogenetic results support an autopolyploid origin for hexaploid Sequoia, with no 302 evidence to support hybridization among modern redwood lineages. Single-copy trees 303 convey strong support for Sequoiadendron as the closest relative of Sequoia, suggesting 304 there was no genome contribution from Metasequoia. The lack of evidence that 305 peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/030585 doi: bioRxiv preprint first posted online  hypotheses to rest (e.g. Stebbins, 1948; Saylor & Simons, 1970) . However, as these 307 phylogenies include only one copy for hexaploid Sequoia, they could not distinguish 308 between autopolyploidy within the Sequoia lineage or autoallopolyploidy within the 309 Sequoiadendron-Sequoia clade. Single-copy trees may also be inconclusive due to 310 extreme copy-specific expression or genome dominance, where genes from one parental 311 genome are preferentially expressed (e.g. Woodhouse et al., 2014) 
Polyploidy in Sequoia arose relatively recently. 318
The similarity of the K s plots obtained from polyploid Sequoia and diploids 319
Sequoiadendron and Metasequoia (Fig. 2) , and specifically the lack of a recent peak 320 restricted to Sequoia, is initially surprising, as these methods have been widely used to 321 that among alleles at a particular locus (Vanneste et al. 2013 ), but the fossil data suggests 325 polyploidization as early as the Eocene. One possible explanation for the lack of a 326 polyploidization peak is that only one homeolog is expressed in leaves. Such genome 327 dominance has been observed in other polyploid species (e.g., Adams et al. 2004) . 328
However, the fact that we found many genes with two or three distinct copies in Sequoia 329 but only one in each diploid argues against uniform silencing of all but one homeolog. 330
331
To further explore the history of gene duplication, we inferred trees for alignments that 332 included one transcript in diploids and two or three from Sequoia and then inferred the 333 branch lengths of this tree in K s units. We found that K s estimates between even the most 334 divergent Sequoia homeologs were very low (>0.10). One possible explanation is that 335
Sequoia experienced a long period of multisomic inheritance following autopolyploidy 336
14 during which time homeologs tended to be repeatedly recombined, resulting in much 337 lower K s values (described in Wolfe, 2001 ). These observations highlight some caveats 338 of using paralog age distribution graphs alone to infer recent polyploidization events, or 339 to study ancient whole genome duplication events that were accompanied by extended 340 periods of multisomic inheritance. 341
342
Fitting a mixture model of normal distributions to K s estimates between homeologs 343 yielded two distinct, but overlapping Gaussian distributions. This suggests two whole 344 genome duplication events are included in our age distribution data. Using a mutation 345 rate calibration for conifer Ks divergence, we estimated the timing of the first whole In such a case the gene duplication events we dated would not correspond to the 367 peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission. The apparent mismatch between the inferred age of gene duplication and the timing of 381 polyploidization as seen in the fossil record suggests an intriguing hypothesis to explain 382 the paucity of polyploidy in gymnosperms. Perhaps diploidization happens more slowly 383 in gymnosperms (except perhaps Ephedra) than in angiosperms. The main long-term 384 benefits of polyploidy (potential sub-and neo-functionalization of genes) require 385 divergence among homeologous chromosomes, which can only happen once loci are 386 diploidized. Thus, continued multisomic inheritance precludes the emergence of any 387 evolutionary advantage in polyploid lineages. 388
389
If polyploidy in gymnosperms is more burden than boon, the persistence of hexaploid 390
Sequoia may reflect an ability to avoid extinction rather than superior fitness. In this 391 regard it is perhaps noteworthy that S. sempervirens manifests some traits that might help 392 stave of extinction, namely clonal reproduction, self-compatibility, and extreme 393 longevity. In coast redwood populations, suckers often emerge from the base of adult 394 trees, extending generation time (meiosis-to-meiosis) almost indefinitely. Furthermore, 395 production of asexual stands may lead to abundant genetic selfing among clonal ramets, 396 as coast redwoods are self-compatible (Burns & Honkala, 1990) . This means that a 397 spontaneous polyploid, perhaps gaining the transient advantage of fixed heterozygosity, 398 peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/030585 doi: bioRxiv preprint first posted online  could spread by a combination of asexual reproduction and selfing. It is conceivable, 399 therefore, that even after the erosion of fixed heterozygosity the lineage could persist 400 despite never gaining the long-term advantages typically associated with polyploidy, 
